ABSTRACT
Introduction
G. inflata, a perennial plant native to iran, has been used medicinally for over 2000 years in china and Japan where herbalists generally prescribe it as a component in formulations. the trivial name of the plant is licorice. it has numerous pharmacological effects including antioxidant, antiulcer, antiinflammatory and antiviral properties (8, 9, 25) , and it is found that these biological activities are attributed to two kinds of main constituents, the saponins and flavonoids (24) . Glycyrrhizin is a saponin with a pentacyclic triterpenic structure bound to two glucuronic acid molecules (Fig. 1) ; it belongs to the class of natural substances that have been proven to be of considerable medicinal value by modern pharmacological testing. it is also a sweetening agent with 50 times higher sweetness than sucrose and is used in tobacco products and confectionary (12) . the natural sources of G. inflata are becoming gradually exhausted. As an alternative approach, cell suspension systems are generally considered most suitable for largescale applications in the biotechnology industry, because of the fast growth rate, regular annual production, and the stable metabolite productivity achieved (10, 13) . Many researches (3, 6, 11) have reported the development of callus and cell cultures of licorice. however, practical application is limited because these cultures have been optimized only on a small scale (i.e., in flasks) (22, 23) . To satisfy higher demand, cultures should be maintained in a bioreactor designed for intensive production, with monitoring and control of physical factors such as aeration, temperature, ph, etc. (21) . in addition, there have been controversies as to whether glycyrrhizin is accumulated by licorice cell cultures. According to tamaki et al. (20) , the cell suspension cultures of G. glabra produced high amounts (3 % to 4 % of dry weight) of glycyrrhizin, on the other hand, Ayabe et al. (3) could not detect the accumulation of glycyrrhizin in callus and suspension cultures of G. glabra. in these studies, commonly, glycyrrhizin detection and determination were achieved by gas chromatography, reverse phase high performance liquid chromatography, enzyme linked immunosorbant assay (16) and thin layer chromatography (3). (15, 19) . these preliminary results provide useful information for future development of a large-scale production protocol.
PRODUCTION OF GLYCYRRHIZIN IN CELL SUSPENSION OF GLYCYRRHIZA INFLATA BATALIN CULTURED IN BIOREACTOR

Materials and Methods
Materials and reagents
the original seeds of G. inflata were collected from Xinjiang, P.R. china. 1-napthaleneacetic acid (nAA), 2,4-dichorophenoxyacetic acid (2,4-D), 6-benzylaminopurine (6-BA) and standard of glycyrrhizin (ammonium salt, 94.53 % purity) were purchased from Sigma (USA). ethanol (lc grade) and acetic acid (AR grade) were purchased from J.t. Baker (Phillipsburg, USA). Water was obtained from a Milli-q (Millipore, Bedford, MA, USA) water purification system. other chemicals used in this study were chinese analytical reagent grade products.
Cell culture and maintenance the calli were induced from young explants of G. inflata on solid Murashige and Skoog (MS) medium, supplemented with 2,4-D (1.0 mg/l), nAA (0.5 mg/l) and 6-BA (0.5 mg/l) (22) . cell suspension cultures were initiated via agitation of 6 g of callus in 250 mL Erlenmeyer flasks containing 100 mL of MS liquid medium, supplemented with nAA (0.5 mg/l), 6-BA (0.5 mg/L) and 0.088 mol/L sucrose, at 120 rpm for 3 weeks. the agitation was done under the same conditions as those for the callus culture until a suspension of free cells was formed. in order to maintain the suspension culture, every 15 ml (approximately 1.25 g of fresh cell biomass) of 3-week-old culture was transferred to 100 ml fresh MS liquid medium (2) .
Bioreactor cultures
Bioreactor cultures were cultivated in a 7.5 l stirred tank bioreactor (BioFlo CelliGen 115, New Brunswick Scientific, U.S.A) consisting of a glass vessel, four baffle plates, a multiport stainless steel head plate, and a low-shear impeller. online monitoring of the ph, Do and temperature of the cultures were achieved by connecting a ph electrode, a Do electrode and temperature sensor to the bioreactor. the cultures were aerated via a stainless steel sparger located below the turbine. the bioreactor vessel containing 5 l of culture medium was inoculated with 7-day-old cells to an initial FW concentration of 50 g/l, and the aeration rate was adjusted to 0.1 vvm (air volume per culture volume per min) in bioreactor. the entire operation was carried out at 25 ± 1 °c and ph was maintained at 5.8.
For measurement of the cell weight, fresh growing plant cells were filtered through a Whatman filter paper under vacuum. the dry weight (DW) was determined by drying the fresh cell biomass at 50 °c to a constant weight. All the experiments were repeated three times (5).
Preparation of samples
The dried cell sample was ground to a fine powder using a spice grinder until it was fine enough to pass through a sieve (250 μm). The powdered sample (0.5 g) was collected in a round bottom flask. The extraction solvent (0.5 % ammonia 50 mL) was added, the sample was refluxed for 2×1 h, combined filtrate was evaporated and pH was adjusted to 2 with H 2 So 4 volume fraction of 98 %. After filtrating, the precipitation was suspended with sterile h 2 O and centrifuged at 2500×g for 5 min; the precipitation was dried in an oven (7) . the crude glycyrrhizin was dissolved in methanol (50 % volume fraction) and decolorized two times with 1 g activated charcoal, then filtered and evaporated to dry. Finally, the precipitation was dissolved in 10 ml methanol (70 % volume fraction). All the solutions were filtered through 0.45 μm membranes prior for hPlc analysis. the standard of the ammonium salt of glycyrrhizin was dissolved in 70 % methanol to provide a series of concentrations in the range of 50 μg/mL to 2500 μg/ ml. calibration curves were prepared on the day of analysis, with each standard being injected in duplicate. Curve fitting was via the least-squares method. Recovery experiments were performed by adding known amounts of glycyrrhizin standards to the cell sample, followed by extraction as described above.
Liquid chromatography and mass spectrometry quantitative analysis was performed using hPlc Agilent 1100 system (Agilent technologies, Palo Alto, cA) equipped with an online vacuum degasser, a quaternary gradient pump, an autosampler, a DAD detector and controlled by Agilent chemStation software. the chromatographic separation was performed on an Eclipse XDB-C18 (250 mm×4.6 mm, 5 μm). The mobile phase was 0.2 mol/L ammonium acetate:methanol:acetic acid (33:67:1, v/v/v), the column temperature was maintained at 30 °c. the detection wavelength was selected at 254 nm. A constant flow-rate of 1.0 mL/min was used throughout the analyses, the injection volume was 10 μL, and the analysis time was 30 min (7).
Stronger identity confirmation was achieved by LC-ESI-MS/MS using the same conditions as specified for the lc. (-) eSi was operated using the following parameters: A quadrupole mass spectrometer equipped with an electrospray ionization source set with a drying gas (n 2 ) flow of 10 L/min, nebulizer pressure of 40 Pa drying gas temperature of 350 °c and capillary voltage of 4 kV. the voltage was 200 V.
Statistical analysis
All the results were expressed as the average of three separate experiments. the data are presented as means ± standard error, and the means were compared using one-way analysis of variance followed by Duncan's test. P < 0.05 was considered statistically significant.
Results and Discussion
Establishing of cell suspension culture system the calli induced from hypocotyls and cotyledons were yellow in color, friable after 4 weeks of culture as shown in Fig. 2A . other workers have reported similar successful induction of G. glabra and G. uralensis (17, 18) . The calli were subcultured every month on the same medium to obtain the biomass accumulation of G. inflata cells. Following sufficient growth on agar medium, cell suspensions were initiated from callus and grown with subculturing every 3 weeks (Fig. 2B) . Cultivation in bioreactor cultures of G. inflata cells were successfully grown in a stirred tank bioreactor in batch mode. A typical cell growth curve shows the growth profile of G. inflata cells at different culture times in the bioreactor (Fig. 3) . it was observed that the cells grew very slowly during the initial 4 days of cultivation. thereafter, the cell biomass increased with increasing culture time, the biomass concentration reached maximum fresh weight of 194.4 g/L after 18 days of culture, and then the cell culture entered the stationary phase. if the cultures continued to grow up to 30 days, the cells gradually appeared to autolyse. inoculum density is an important factor for plant cell cultures, which can influence cell growth and metabolite formation (1). too high initial inoculum densities result in shorter lag phases in cells and earlier onset of the declining phase, which limits the availability of nutrients and oxygen and affects the growth rate of cells and the production of secondary metabolites. Aeration rate is another important factor affecting bioreactor cell cultures because it is closely related to the dissolved oxygen in the media. in general, a high aeration volume is beneficial in speeding up the transfer of oxygen into bioreactors, increasing the aeration rate improves oxygen transfer and the mixing efficiency of cells with the culture medium. however, supply of aeration at a too high rate into a bioreactor may cause excessive shear stress to cells. Paek et al. (14) found that an aeration rate of 0.1 vvm was most highly correlated with improved cell growth of Gymnema sylvestre. choi et al. (4) reported higher biomasses from Copolia parviflora when cultured at a high aeration rate (0.4 vvm). the results suggested that the aeration rate should be adjusted based on the plant species. our studies showed that maximum biomass of G. inflata cells was obtained after 18 days of culture maintained at an initial inoculum FW density of 50 g /l and aeration of 0.1 vvm. Fig. 3 . Biomass production of G. inflata cells in a bioreactor culture. Bars represent the mean ± SD from three independent measurements.
HPLC and LC-MS analysis
Baseline separation of glycyrrhizin was achieved with a reproducible retention time of 4.61 ± 0.04 min (±S.D, n = 6) for both the cell sample and the standard as shown in Fig. 4 . Representative chromatograms of the standard and the cell sample extracts showed that the analyte peak was symmetrical and well resolved from the extractive peaks.
the lc-MS analysis of the standard and the cell sample was carried out. the analysis of the analyte peak was carried out for a higher degree identity confirmation, and negativeion experiments were performed. the peak matching with the standard glycyrrhizin (Rt = 4.61) was ionized. the ionized peak confirms the presence of glycyrrhizin in the cell sample. The mass-to-charge ratio of glycyrrhizin is m/z 823, and the presence of the molecular ion (m/z 821.5) was taken to confirm that the peak observed was that of glycyrrhizin in both the cell sample and standard solutions (Fig. 5) .
MS/MS breakdown experiments of the glycyrrhizin peak used nitrogen as the collision-induced dissociation (ciD) gas, and MS/MS of standard glycyrrhizin and the cell samples was compared; the daughter ions of both were found to be similar (Fig. 6) . The transitions were m/z 351, 803, 645, 759. These key daughter ions that appeared in the standard MS/MS spectra also appeared in the cell sample MS/MS spectra. in comparison with traditional tlc, conventional hPlc methods or other methods, the lc-MS/MS technique has a greater sensitivity and reliability for determining a marker component present in the extracts. Determination of glycyrrhizin content the calibration curve showed good linearity (correlation coefficients R 2 = 0.9985). Precision of retention time was 1.36 % R.S.D and the peak area precision was 0.87 % R.S.D. The average recovery (3 fortification levels) was 93.67 ± 1.05 %. In the cell suspension cultures, the glycyrrhizin concentration (per DW) corrected for recovery was found to be 1.14 ± 0.23 mg/g. Some previous studies have reported the absence of glycyrrhizin in licorice cell cultures. in contrast, Japanese patents briefly describe the production of glycyrrhizin by tissue cultures of Glycyrrhiza spp. (20) . however, the patents lack the details of analytical procedures, thus unambiguous evidence of glycyrrhizin production is still not available. in our cell cultures, the production of glycyrrhizin could be observed by lc-MS/MS. the reason for the discrepancies between our observation and some reports on glycyrrhizin production by other others is not very clear. however, our results suggest that further studies are needed on glycyrrhizin metabolic mechanisms and cell culture conditions.
Conclusions
We successfully established cell suspension cultures of G. inflata in bioreactor systems equipped with a low-shear impeller and a working volume of 5 L, and for the first time developed an lc-MS/MS method for determination glycyrrhizin in the cell suspension cultures of G. inflata. As a result, the glycyrrhizin concentration in a unit of DW was found to be 1.14 ± 0.23 mg/g. the production of glycyrrhizin by culturing G. inflata cells in bioreactor proved feasible. With the gradually growing knowledge of glycyrrhizin metabolism, there is real possibility for mass production of glycyrrhizin by direct genetic manipulation to restore the productive capacity of cell cultures.
